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SYNOPSIS 


CADMIUM PLASMA RECOMBINATION LASER 

Siibfrd tted in partial t ulf i Irri&nt ot reqoirsfient 

-for the depTBe Or 

DOCTOR OF P^IILOSOPHY 
by 

Al'i ka Kha.r& 
to the 

DEPARTMENT CF PHYSICS 
INDIAN INSTITUTE OF TECHNOLOGY 

KANPUR 20S 016 INDIA 

In this thesis we report the development of and studies on 
perf ormarice rliar-acteri st i cs of Cadnu ufii PI asinci Recombi nat i on 
Laser*. 

The electrode? arrangement of the system developed consists 
of a large number of cadmium strips positioned end to end on 
a glass substrate so as to leav^^^ a spacing of 1 iiwi between 
adjacent strips™ This electrode arrangement was sec^ied in a glass 

tube* having Elrewster windows*. Two eKtreme end strips were used 

for connect ion to high voltage power supply.® Two types of 
excitation circuits were used™ RC circuit and iX LC circuit* 
Helium was used as buffer gas for most of the investigations. 

However I to see the effect of other L.-:,nd gases we tried 

neon, argon and mixtures of helium and neon gases also. Laser 
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resonator was forffled by using two two meter radius of curvature 
mirrors of high reflectivity. The laser output was dets'cted using 
Se detector and photomultiplier tube for IR and visible radiation 
respectively. The output signal was fed onto the 
osci 1 lc 3 scopB/bo>;car averager and recorded on chart recorder. 

Le\ser action was observed on 6p - 6s at 1.40 Pm, on 

6p - 6s ^Sx at 1.43 pm and on 4f - 5d at 1.65 Pm 

transitions of Cd I and on 4f - 5d at 533.7 nro and on 

4f - 5d at 537.8 nm transitions of Cd II based on 

recombination pumping in a sealed discharge tube. We report for 
the first time , the performance characteristics of the observed 
transitions over a range of discharge parameters in the presence 
of low pressure background gas, resonator axis and' the length of 
the gain medium. The optimum value of resonator axis is found to 
be 8 mm away and parallel to the row of metal strips. To see the 
effect of the length of the active medium on laser output 
power, experiment was performed with 10, 40 and 70 plasma 
segments. Peak laser output power is observed to increase with 
the number of plasma segments. Laser action is observed in the 
afterglow. Delay between the peak of laser pulse and the current 
pulse is observed to be as much as 170 ps for Cd I transitions 
and 30 Ps for Cd II transitions. Peak laser output power Po is 
found to be dependent on current. Initially Po increases with 
current, attains a maxiffluin value and then decreases with further 
increase In current. Optimum value of current required for 
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observing visible laser is higher than that tor IR laser. LC 

circuit, is found to be more efficient than RC circuit for 

observing laser action in our conf i gurat i on . Hsliuro being 

lightest of ail the gases and of high ionisation potential is 
found to be the best candidate as background gas in our 

conf iguration. The optimum value of helium pressure is found to 
be dependent on lasing transitions under consi derat i on , number of 
plasma segments arsd ttie energy dumped into the system, yith 
increase of number of plasma segments, the optimum value of 
helium pr essure decreases for the same i npiut energy. It is 
observed that the optimum value of helium pressure required for 
Cd II transi ti one is lower than that for Cd I transitions. An 
attempt is also made to scan the radial profile and is compared 
with a theoretical fit for IR laser. 

Small signal gain of the laser was estimated by introducing 
variable losses into the cavity. Our experimental values of small 
signal gain are S.7 <-3) cm“*^ , 7.1 (~3) cm~*^ for 1.65 pm and 1.43 

P'ffl transitions respectively and 6.0 (-3) cm“* for visible 

transition at 537.8 nm. Plasma temperature is estimated by 
comparing the intensities of emitted visible cadmium lines. The 
temperature is estimated to be in the range of 0.5 ev i T 1 1.0 
ev for Cd I and 1.0 ev < T £ 2.0 ev for Cd II transitions. The 

results are in agreement with the computed values based on 
proposed electric network model under collisional recoimbi nation 


conditions 



Chapter 1 

INTRODUCTION 

The possibility of obtaining the iaser action in a 
recombining plasma was first suggested by Budzenko and Shelepin 
Ell in 1964. They considered a supercooled hydrogen plasma as 
active medium. Recombination laser was first observed 
experimentally by Latush et al E23 in 1973 in Ca and Sr in an 
afterglow discharge. Since then there have been many reports 
C3-203 on the calculation and observation of the population 
inversion in a recombining plasma from IR through X-ray region in 
neutral, singly and multiply ionized species. In recombination 
lasers, the population of the levels are determined by the colli- 
sional radiative processes E213, involving recombinati on of free 
electrons with ions followed by colli si onal and radiative de- 
excitation of the captured electrons. Detailed calculations for 
recombining hydrogen C3,43, hydrogenic ions C53, helium E 6—8 3, 
lithium E93, carbon E 10-143 , aluminium E163, potassium E173, and 
xenon E1S3 plasmas confirmed that significant population 
inversion can be established whenever the free electrons cool in 
a time short compared to the relaxation time of the ground state 
of atoms or ions involved. However, there are only a few reports 
E2, 22-283 on the observation and studies of recombination laser. 

Plasma recombination laser has following potential advantages; 
<i) The mechanism is applicable to transitions involving 
atomic as well as ionic species. It offers a possibility of 



having devices with operating wavelengths froro infrared 5 tlirougli 
X “F ay r eg i on 

(ii) Capability of either pulsed or Cl^ C3pBration« 

iiii) The physical state of plasma does not cha.ngG at high 
densities of pump energy, therefore, there is a possibility of 
developing more powerful and efficient lasers. 

Excitation, liech a n ism 

The excitation mechanism of a plasma recombi nation laser can 
be explained with the help of Fig 1. First, the ions of an active 
element are created in some charge state z by feeding same energy 
into the medium. Input energy may be from an eietrical 
discharge an arc or a laser beam or an electron beam. Large 
amount of energy required to disturb the thermal equilibrium of 
level populations results in highly ionized plasma. Electrons are 
cooled by allowing it to expand or by colli si ons with atoms of 
some background gas and recombine with ions to go to some highly 
excited levels of the next lower charge state z-i. These bound 
electrons move downward via collisions with the background gas 
atoms until a significant gap in the energy level is reached 
where the collisional decay rate is significantly reduced. 'Due to 
the reduced collisional decay rate across the gap, the population 
will start building up just above this gap. An inversion would 
occur with respect to one or more lower levels resulting in laser 
action across the gap provided the decay rate of the lower level 
is fast. The lower laser level may decay by either of the two 



Collisional 

Rccobmotion 
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(a) Creation of Ptosma (b) Cooling (c) Decoy 

Fig, 1 Schematic energy level diagram for a plasma 
recombination laser 
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processes (i) radiative decay or Cii) collisional decay, 
depending on particular choice of the atomic species and plasma 
c ond X t i on s m 

Under recombination conditions, the laser action takes place 
between two groups of closely spaced levels, the gaps between 
such groups are considerably greater than the seperations between 
the levels with in a group as shown in Fig 1. The upper level 
is the lowest level of the upper group and the lower level is the 
upper most level of the lower group- If the electron temperature 
<kT„) is less than the spacing A E between closely spaced levels 
<kT«l A E> , the population densities of these closely spaced 
levels can be assumed in thermal equilibrium with an electron 
temperature T«, among themselves. Therefore, one can assume a 
recombination laser to be a two level system with upper level u 
and lower level 1- The rate of change of population density of 
these two levels is 
dHu, n-.- 
dt r^. 
drti 

— = RuOu, — RiOi 2 

dt 

where n^, ni , n» and n— are the population densities of upper 
level, lower level, electron and the ion respectively, r* is the 
characteristic recombination time of an ion, R„ and Ri are the 
decay rates of upper and lower laser level respectively. Recom- 
bination process is described by equation 




ACz) s "^6 A C z i ) © 

Rate of change of electron and ion density is 


dn.*. 

dn» 

3 




dt 

dt 


It follows from 

eq 3 that 

characteristic recombination time of 

an ion is 




= Co;n«^)""^ 

where « is the collisional recombination coefficient given by 
E293 

ot = 9.2 X 10-=“^ z=T,-'^'"==ln ^(z=+l> 5 

where CCz) = 9. 2x lO-^-'z^^ln-J «z^+l ) 

Under steady state condition, from eqs 1,2,4 and 5, it follows 

An^i = nu - ni 

<1 ) 6 

R„ Ri 

The expression for small signal gain C303 is 

J-5Z 

= A(u,l) gCv) An«i 

Sirv* 

using eq 6 

j-a 1 Ru 

= __A(u,l) g<v)— o^n.^ C<z) > 7 

R«j 

Where c is the velocity of light, v is the frequency 
corresponding to the transition under consideration, A(u,l> is 
the transition probability and g(v) is the line profile factor. 



Thus to -achisve' Isrgs populs’cicr! inversion -and hence gain.- 
i 'fc "follows "fro SI eQ &»■ 
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temperature in the e-rterg}.ow is given by 11313 
d <3/2 kT«,n«) 

= “Q ^ -r + €r- + Qtn«n 8 

dt 

where Q ax is the loss 0 + electron ener'gy irs elastic collision 
between electrons and buffer gas atoms, €r- is the energy evolved 
as a result of recombination and Qxr,m% is the transfer of 
energy to the electrons due to inelastic collisions C313. In 
the afterglow, the electron density changes much more slowly than 
the electron temperature. 'Therefore, eq S can be considered as 
the equation for the temporal variation of T„- The last two terms 
in eq 8 show the rate of decrease of T*,. They have little 
effect on electron temperature. Therefore, electron temperature 
is dominated by the first term. The elastic collision with the 
buffer gas atom is given by C323 
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SkTe 

Q ^ Ob C- — ) 9* 

Hb wm^ ' 

where is the? elastic scattering cross— sect ion between 

electrons and atoms £331 ^ is the mass of the buffer gas atom 
and riEs is the density of buffer gas atofiis*^ It follows from eqs S 

and 9 that rate of cooling is inversely proportional to 

it implies that the cooling process will be efficient for 
lighter buffer gas- Helium is the lightest inert gas and, 
therefore, in the case of elastic collisions with lie! i urn atoffsB or 
ions the electrons give up relatively a large part of their 
energy res-ui ting in strong recombination into the excited levels- 
Hydrogen being lightest gas, one would expect it to be more 
efficient- Since its ionization potential is low, part of 

the exciting energy is used up to ionize the hydrogen gas also- 
We tried He, Ne, Ar and mixture of He and Ne as the background 
gas- Helium was found to be the best background gas for 
observing cadmium plasma recombination laser in our 
conf i gurat i on - 

The third factor in eq 6 determiriing the population 
inversion is the plasma density- A high initial plasma density 
will be required for large population inversion*. However, an 
optimum value of plasma density £22, 343 is somewhat lower* The 
lower density is needed to ininimize the unwanted colli si orial 
depopulation of the upper laser level. An upper limit on the 
electron density can be obtained by equating the collisional ' de- 



eKcitatioii rate to the radiative decay rate £21 ^ 35J, 

X C Tm ^ u , 1 ) == A C u , 1 > 

A C u ^ 1 ) 

n* = — — - — iO 

X CT^^ii^l ) 

iftthere ACu^i) is the radiative trarssition probability frofii level ii 
to level 1 and X(T«,,U 5 l) is the col i i sioriai de-exc:i tation 
coefficient from level u to level 1 at electron termperatLire 
and is given by £353 

XCT«,u,l) - — *— — _ f <u^i) 11 

g.. E^,x 

where fCu^l) is the oscillator strength and is the energy 

difference between the levels involved^ g's are the statistical 
weight of the level 5« From eqs 10 and 11 
Qir^ 

n« s v=® 

m«c^ 6«5xl0'*^^ 

0.123 

= ^ 12 

where ^ s.*x ic.m) is the wavelength corresponding to the transition 
under consi derat ion. 

Equation 12 gives an upper limit to the electron density for 
a recombination laser. 
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liiierenc e be PI asaa Recombi nation Lasers;, 6as Lasers and 
Hetal Vagor Laser s 

The con vent i onal gas lasers e«g„ Ar ian^ Xe ion etc also 
utilize ionized gaS;, In gas lasers^ the active medium is 
i ori i z i I f g p x asfria wher eas in pi asma^ r ec omb i n at i on 1 aser s ^ t h & ac t i ve 
medium is recombining plasma^. The cievia.tion of the active niediuis 
f r Offi therffiodynaroi c equilibrium C3£>3 is different in two cases* 
In a gas laser j the electrons are overheated* The free electron 
number density is less than Saha value for the local electron 
temper ature* In the case of plasma recombination laser, the 
electrons are super cooled, the free electron density is 
appreciably greater than the Saha value for the local electron 
temperature En-j-il* Because of this difference, the gas lasers use 
leading edge of the excitation pulse, whereas plasma 

recombination lasers utilise the afterglow region. Active medium 
for a recombi nat i on laser can be metal vapors. The metal vapor 

recombination lasers differ from the conventional metal vapor 

lasers, e.g. He~Cd laser. In metal vapor lasers, a buffer gas, 
usually helium, is used which takes part in pumping process 

through collisions, penning ionization C37— 413. In recombination 

lasers the cooling of the free electrons in the afterglow is 
usually achieved by using inert gas e.g. helium? which takes away 
the excess energy of electrons via collisions and brings them 
downwards to populate the upper laser level. 
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Ef f i ci gficy o£ a Recofiib i oat i oo Laser 

It follows froiFi eq 6 that a recoiiifairiatiari laser requires 
the product i on of high density plasmai followed by rapid cooling 
and rscoiiibiriatiDri of electrons and ions to next lower charge 
state to give population inversion* Therefore^ the efficiency of 
a recofftbination laser is dependent on the efficiency with which 
the required upper laser level is populated in given plasma 
conditions (electron density^ temperature etc«)« Define a para- 
meter r as the ratio of the upper laser level population rio to 
the electron density 
n^ 

r = — 13 

n» 

Since the pumping source for a plasma recombination laser 
involving the (s-i) charge state being the density of ions in the 
next higher charge state one can split r into two parts^ 
n Cz + ) ’ ricji 

r :== __ __ • 14 

fi« nCz + ) 

The first factor on the right hand ^side of eq 14 defines the 
efficiency with which ions in the proper charge state are 
produced* The production of ions is an unknown factor experi- 
mentally as well as theoretically C423» There are two factors 
which effect the production of ions in the proper charge state* 
These are distribution of ions in the lower charge states and an 
early recombination* The first factor can be overcome by keeping 
the rate of increase of ■ electron density high* The second factor 
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can be overcome fay keeping an upper limit on electron density 
given fay eq 12« 

The second factor ii«^/nCz + ) in eq 14 defines the efficiency 
with which the ions in the higher charge state recofufairie to the 
rieMt lower charge state to populate the required upper laser 
level*. It is dependent on the decay of the ions during recombi- 
nation phase of plasma* ■ There will be some loss of ions because 
of diffusion to the walls* This loss can be minimized by keeping 
the background gas pressure and tube^ diameter large E433« Higher 
buffer gas pressure lowers the electron temperature more rapidly 
in the discliarge afterglow and thus increases the rate of 
recombi nat ion of ions which leads to higher laser peak powers. 
Secondly an increase of gas pressure incrreases the discharge 
impedeiice and thus enables input energy to be deposited in the 
active medium from a driving source of fixed impedence which is 
generally somewhat larger than that of discharge. However ^ back- 
ground gas pressure cannot be increased beyond a certain limit, 
if the pressure, is very high, the electrons will loose more 
energy via collisions resulting in decrease in inversion density* 

Another process which effects the efficiency of recombi- 
nation to the required level is the radiative recombination which 
may lead to the excitation of levels below the upper laser level* 
The pr ocE:jSB is described by 
ACZ4-) 4- e — — > ACz-l,!) + hv 

where hv is the energy of emitted photon* 


The radiative 
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recoilibinat ion coefficient is given by C443 

Sr- = C2«7 m10-^^) 15 

The most effective process for a recoirsbi nati on laser is the 
colli si oriai recoiRbination process » The three body colisional 
recombinatiofi coefficient £29,445453 is given fay eq 5« Thus 
to mi ni cruize tlie radiative recoinbiriattiori process^ electron 
teiiperature should be kept ios^ and the electron density should be 
high*. But according to eq 12, there is a limit on electron 
density, beyond which the efficiency of the system will go down^ 
Therefore, electron density should be kept high enough to 
dominate over the radiative recombination , but simultaneously it 
should be low enough to avoid the coilisional de-*-exci tatiori from 
the upper laser level « 

The efficiency of a recombinati on laser, iik€^ any other 

laser is dependent on decay scheme of lower laser level also 

Ceq h) m The main mechanism of depopul ation of the lower laser 

level in a plasma recombination laser are r'^adiative de-exci tation 

and coilisional de-excitation- The radiative depopulation is 

effective when the lower laser level i*s quite high, the plasma is 

not too dense and the lasing volume is not very large- In case 

of atoms, the radiative clearing of the lower laser level is not 

efficient at high electron density and electron temperature- 

However, in case of multiply charged ions, it may be an efficient 

mechanism for clearing of the lower laser level even at high 

* 

plasma density and electron temperature- 



V ariou s E>; oo ri ^antal Tecliiii que s for Recoinb i n a t i on La s ers 

Condi t ions required -for a recombination laser can be 
aciiieved either cooling the plasma rapidly via collisions with 
wails £2^46^473 or ' by producing the plasma in a relatively 
sfiiailer volume and then letting it to expand adi abaticai 1 y 
followed by reduction in density and temperature « Erased on the 
method of initial eKci tat ion/ ionization or on method used to cool 
down the plasma to acliieve the proper conditions for recoffibi*-™ 
nation, one can categories the plasma recoiBbi nation lasers into 
f ol lowing categories^ 

^ ^ ^ Afterglow Recomb i nat i on Lase r 

This involves the non-equi 1 ibrium decay of electric 
discharge afterglow C2,47-511* The electrons are cooled fay 
either collisions with walls or by heavy particle collisions or 
bothi. Studies of afterglow recombination laser have been done 
£ 2 , 22 , 46-513 in Mg II, Ca II, Sr II and Ba II in the infrared, 
visible and UV region of the spectrum- Pulsed high voltage 
lorigi tudinal discharge was used to create plasma* Maximum power 
of 400 W at a wavelength of 430«5 nm corresponding to Sr II 
transition was reported £22,463* Butler and Piper £ 47-493 
reported the laser action in transversely excited electric 
discharge in Sr II and Ca II. Recently McLucas and McIntosh 
£ 50 , 513 ’ have reported on a longitudinal discharge heated Sr II 
1 aser • 
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^ i ^ Sirect Muc I ear or e-beam Pumping 

The plasms c:ao be created by means of BOfiie eMtenial ionizing 
source such as electron beam C2S3 or fission fragments £ 52 . 1 « In 
fiLici ear pump i rig ^ thee medium is ionized by mearis of MeV heavy 
charged particles which slow down in and loose energy to the 
laisirig species* Each charged particle creates nurneroLiB secondary 
electrons which ionize the rare gas atoms* These ions collide 
with atoms of the lasing species^ a charge exchange process takes 
place and the medium is left with highly ionized ions^ rare gas 
atoms and electrons* The recombination relaxation through the 
excited levels leads to inversion* DeYoung et al C523 have 
observed laser action in nitrogen at S62«9 nm and 959*3 rsm in a 
mixture of Me— IMai using nuclear pumping* Rocca et al II2S3 have 
used e-beam pulses of energy 1 to 5 KeV to observe laser action 
at i*65'Pm and 1«43 pm of Cd I transi tioris* 

C i i i ) Plas ma Dynamic Laser 

Another method of cooling the electrons is to make use of an 
adiabaticaliy expanding plasma to establish the recombination 
conditions. In a free expansion^ fast electron cooling is 
achieved^ it is accompanied by an even faster decay in electron 
density* Hence a very high initial plasma density is required. to 
achieve proper conditions of population inversion* Gudezenko 
et al C533 have suggested a plasma jet arrangement to provide 
steady or quasi steady expanding plasma flow of the proper 
species to achieve the recombi nation conditions* Campbell et al 
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£26^54 3 were the first to observe such quasi -“steady piasina 
ciynaffiit: laser in ar’gon» A highly ionized argon plasma was forrfted 
by injecting argon gas via a high speed solenoid valve into an 
arc chamber and then cooled down by expanding the flow into a 
suitable vacuum chamber- Laser was observed in hydrcgen C553 and 
ill cadmiLiiii C5 j£i3« Population inversion has also been observed in 
recombining hydrogen E573 and helium 18^583 plasma jets- 
Civ) Laser Produc ed Plasma Recambi nation Laser 

This method employs both cooling processes, due to adiabatic 
e>ipariBion as well as due to tlie collision with buffer gas atoms- 
This method overcomes the problem of reduction in plasma density 
as a result of free e>5pansion by confining the plasma expansion 
in presence €3f buffer gas- In this scheme, high density plasma 
is created within a small volume by focussing a high power laser 
radiation on to the target material- High density plasma 
expands, cools and recombines to give laser action* Si If vast 
et al C24,253 were ^ first to demonstrate this scheme to obtain 
laser oscillations- Laser oscillations in Ar , Kr , Xe gases and 
their mixtures C593 and in Cd £243 in presence of low pressure 
helium gas have been observed in the expanding phase of transv- 
ersely created laser produced plasma using CO^ and Nd-YAG lasers- 
Small signal ga^in has been observed at XUV wavelength in C VI 
C 11-133 at IS nm and in Ai XII at 13 iim £163 in Wd laser 
produced plasma expanding in vacuum- 


f 



C v) ge c miented PI asma E>; ci t ation and Recombinati on L aser 

Tills scheffie utilizes both the cooling mechanisifis^ expansion 
as well as collision processes* Plasriia is created by feeding 
electrical energy into the system* Segmented plasma excitation 
and recombination CSPER) laser was first suggested Ihll in 1980 » 
Laser osci I i at: ions hcive also been reported in c:w mode C623 in 
similar conf iguratioii* Helium was used as a background gas in 
continuously flowing mode* We have employed the similar 
technique to observe laser action for present work C63^64J» 
Helium^ neon, argon and mixture of helium and neon gases were 
used as background gas in a sealed discharge system. 

The electrode arrangement in our system consists of a large 
number of thin metal strips placed end to end on an insulated 
substrate so as to leave spacing 1mm in our case) between 
adjacent strips. A high voltage high current pulse is applied 
across the end strips to create the metal vapor plasma in each 
gap. A low pressure of background gas^ usually helium^ is used*. 
It helps in producing 0 ietal vapor in the gap region^ controls the 
subsequent expansion of the vapors, and cools the recombining 
electrons, catising electron ion recombination to occur in the 
plasma as they expand away from the gaps. Laser resonator with 
axis parallel to row of gaps is formed with two dielectric 
coated mirrors of high reflectivity. There is a restriction on 
gap spacing also. As the, gap spacing increases, more helium is 
excited in the gap resulting in decrease in laser output. It 
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h*s been found that gap spacing should be somewhere near the 


thickness of the sietal strips E 6 i^ 633 , 
preferred because it has advantage c 


I. Th in strip of metal is 
over the bulk electrodes* 


Thin electrodes isr'ovide an increased 

i=r«^=.fcfo lonisatioo growth rate and 

larger metal vapor density in the . 1 1 

^ r- / gap region than the bulk 

electrodes because of the enhanced thermal ^ ^ ^ ^ ^ 

processes that act at 


:he surface of thin electrodes duri 


the early stages of the 


breakdown, 


With the bulk electrodes i- ^ ri r 

the heat flow frorri 


electrode surface into the metal is ^ ^ - 

cni ee di iiiensi onal ^ but in 

thin geometry. the heat flow is neariv i- • 

^ difnensional . Hence 

heat loss due to conduction is less ^ 

tor thin electrodes and 

therefore. surface terfiperature of thin 

*=-Aectrocle ificreease£> more 

rapidly than the surface temperature ^ electrode. 


resulting in greater metal vapor product! 


on C 653 . 


Since vapors are used to provirio ,-1 . - 

iue the atomic species, 

ther-efare high vapor prossure materials b^ mpat dasirablo. 


It follows from eq 6 that to achieve 


Populati on inversion, the 


concentration of recombining ions should bt 


Therefore, active atoms should be 


of 1 


as high as possible, 
ow single and double 


ionization 


potential. The best candidates 


for laser being 


alkaline earth metals. 


Present Work 


In the 


work, we have 


used segmented plasma 


excitation and recombination scheme in a eu3-.i . a. 

•* sealed system to observe 


the laser action in Cd I and Cd II t 


cansitions with He, Ne, Ar 



and mixture of He and Me as background gas.. 

The do'tails of iihe exper ifrsBnt-ai 1:ec:h'ni aties used in the 
present « 3 ork are described in Chapter 2» 

Chapter 3 describes the resultEi of present ifiork on In! 
laser The character i st i cs of laser cor-respondi ng to 1 = 65 pm and 
1 „ 43 pm transitions of Cd I are studied* Behaviour of laser as a 
function resonator aris Cthe distance from metal surface) 

pr’E^BSurs of Ar qas^ plasaTia current shape of iJ'vs’ currsfnt 

pulse., VQi, tags and the total energy dumped into the system is 
reported* Pm .atte‘T!pt is made to scars the radial profile €5f the 
laser- Sain ib estimatsd srpari mental 1 y and studied as a 

fiinctiori of plasiria current and bsckgroursd gas p*^i^eBSurs« 

Chapter 4 describes the results of visible laser 

transition’s correspsondi ng to 533:«7 nm and 537*, S nrn traiiraitions of 
Cd II« The effect of length of the? active medium is 
investigated* Behaviour of laser output as a fiinctiori of plasma 
current and background gas pressure is presenteda. Results are 
c:ofiipar€?d for Cd I and Cd II transitionB. 

The cal cul a.ti one far small signal gain are given in Cli ap t er 
5* Sai n is calculated under reconibi nat i on conditions using 
electric network model originally proposed by Bates C663 and 
later eKtencJed by Lawless E671« In this model ,5 the collisicsnal 
processes are considered in terms of passage of steady current 
through a network of linear conductors and resistors, the 
p^^-Gcesses other than colli si onai processes are represented by a 
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source teriB which represents the current iritroduced into the 
systenu Based on otir rnodel we have evaluated the gciiii for C VI 
and hydrogen and compared with earlier reports 110^133* 
E>;perirrieota3 3 y observed small ^ignixl gain 'for CcJ I and Cd JI 
transitions and electron temper ature are compared with the 
thsforet i Ceil values .estimated using the proposed model « 

Chapter 6 summarises the results of present work:. 



Chapter 2 

EXPERIMENTAL TECHNIQUE 

VarioiiB 'eMperi mental schemes for a p^iasma recorfibifiati on 
laser have been described in Chapter i- We have developed a 
piiiseci c:adffii iiiri plasma recombination laser based on Segmented 
PlasiBa EKcit,5tion and Recombi nati on piifnpiiig scheoie» This is the 
si fnpl est f::Dnf i gurat i on amorsg al I the eK i sting conf i gtir at i ooei-* 
Unlike other metal vapaor lasers He-Cd laser ^ it doesn't 

require ,any aiclditional heating arraogeroerit to cremate the metal 
vapors* In this conf iguration, a large number of plasma segments 
were created by applying a high voltage., high current pulse 
across the ends of a row of metal strips as shown in fig 2. 
Cadmium used in our system was 99*999X pure (Nuclear Fuel 
Co 0 plex^ Hyderabad) ^ Cadmium metal was rolled down to a thickness 
of nearly i mm. Strips of length iO mm and 2 mm wide were cut of 
the rolled material. These strips were^ cleaned properly and 
pasted on glass substrate end to end so as to leave a spacing of 
1 fniB between adjacent strips. We have used 10 y 40 and 70 gaps 
for investigations. The length of the end strips were kept 
around 5 cm^ so that free ends could be used for connecting to 
high voltage* This electrode arrangement was inserted in a pyrex 
glass tube of outer diameter 45 mm and thickness 2 mm. Tube was 
terwiinated at Brewster angle* Before inserting the electrode 
arrangement f the discharge tube was cleaned thoroughly* Free ends 
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of the Slid strips were taken out troiTi two holes drilled in the 
glass tube* The position of holes* lerigth of the tLibe^ depended 
on the iiiiiBber of plasma segments used. Free ends of the end 
strips wer^e conriected with the crocodile clip^s to the discharge 
circuit* yiiidows were attached to the ends of the discharge tube 
by epoxy* Discharge tube was connected to the vacuurfi system and 
gas filling arrangement through stopcocks* The vacuum system 
consisted of an oil diffusion pump and rotary pump* Gas filling 
arrangement consisted of bulbs of argon and neon gas« An empty 
glass bulb was used as a reservoir for helium gas* Glass bulb was 
evacuated to a pressure of Torr and then filled in at 10 

Psi of heliusii gas from helium cylinder connected to the systeflu 
Pressure of the background gas in the discharge tube was 
monitored with an C 3 i 1 manometer* When the electrode arrangement 
was riew^ it: was difficult to get cadmium plasma at few torr of 
helium gas* To get plasma we had to fill in helium at a pressure 
of around 5 Psi from the helium cylinder* After running the 
discharge for some time under above conditions^ discharge tube 
was evacuated to a pressure of <10"*^ Torr and filled in with the 
required gas at required pressure. 

We have used two types of exciting circuits : 
im RC Circuit . It is a simple capacitor discharge circuit as 
shown in Fig 3# A capacitor was charged through a resistance 
(24 MSi) from the high voltage .power supply and discharged through 
the discharge tube with a spark gap as switch. Two values of 




Fig. 3 


RC CIRCOlT 



24 


capacitance i^iere used ^ O.OC391 and iX 0.028 pF Ccerarnic 
capacitor^ 30 KV) . Below 0«0091 we were not able to observe 
any laser action. 

IX ^*-C Circuit:. A seven stage LC circiiuit shown in Fig 4 was 
used, to get nearly -flat top currerit pulse. Each inductor 
consisted of 2^5 windings of copper wire wound on a iriylor cylindefr 
of 4 cfii diameter, the inductance as measured with bridge* circuit 
was 14 pH- The value of each capacitance used was 4000 pF», The^ 
current pulse width being given by 2ii4 <LC) £683- 

The spiark gap wa5i triggered with a 15 KV trigger pulse coming 
from a trigger transformer (home made). Trigger circuit used is 
shown in Fig 5» The trigger circuit can be operated in sTianriual or 
auto mode with a maximum repitition rate of 33 pps. A pulse of 
300 V from the? circuit was applied to the primary of the trigger 
transformer* A syiiciironizing pulse is taken out at S (Fig 5) 
through an isolation stage to trigger the detection system. 
During the experiment, the system was usually operated at 3 pps. 

The discharge current was measured with a low iridiictarice 
low resistance (90 mii) co-^axial probe connected in series with 
the dischajrge tube as shown in Fig 3. The low resistance r was a 
small carbon rod enclosed in a brass capsule. One end of the 
carbon rod was connected to the enclosing capsule and was 
grounded and, other end was connected to the discharge tube as 
shown in figure. Resistance R connected in series with the 
discharge tube was used to control the discharge current. The 
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L = 14 pH 
C = 4000 pF 


Fig. 4 


LC circuit 



Trigger pulse to spark gap 
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Triggering circuit 
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voltage ¥ was riieasLirsd across the terminals A and B CFig 3) using 
a hi gii voltage 30 KV probe Cisi000)„ Fig 6 shows the linear 
variation of voltage V measLired across A and B with respect to 
voltage Vc:, from the high voltage power supply for R - The 

typical voltage pulse and current pulse obtained with RC and LC 
circuits used are shown in Fig 7 for R = 50s'^ and 250Sc« The 

variation of peak current I with the resistance R for RC and LC 
circuit ifi shown in Fig S for 40 and 70 plasma segeme^nts^ In the 
following ciiapters the results are discussed in terms of value of 
R« Low r€?si stance R implies high current and vice-versa« Fig 9 
shows the variation of voltage V with the resistance R» 

The resonator cavity was formed with two meter radius of 
curvature dielectric coated mirrors* For 1»65 Pm transition^ we 
used mirrors with high reflectivity from 1*35 pm to i « 53 Pm^ 
Optics for Research (USA) and for 1.43 pm transition mirrors from 
Tech Optics CU K) were used- To observe visible transitions at 
533*7 nm and 537.8 nm^ high reflectivity broad band mirrors 
(fP 488 nm to 515 Pm^ Tech Optics^ UK) usually used with Argon 
ion laser were used. 

Laser output from one of the mirrors was focussed on to the 
entrance slit of CL 32m monochromator with a lens of 10 cm focal 
length as shown in Fig 2. Brating with 600 grooves/mm and 1200 
grooves/mm were used in monochromator for Ift and visible 
radiation respectively. The output from the morH^chromator was 
detected with an optical detector. IR radiation was detected 
with a Judson's Ge detector. The detector 'was used in zero 
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Fig . 6 Plot of 
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Oscilloscope trace of 
I - Voltage pulse 
II- Current pulse 



KCQK current (A) 


R C circuit 
40 gaps 

0.0091 JJF, 18.6KV 
0.028 >iF,18.6KV 
0.028 >jF, 15 KV 
LC circuit, 15 KV 
40 gaps 


70 gaps 



R(X1) 


Fig. 8 


Variation of peak current I with 
resistance R • 



bias mode. The amplifier circuit, current to voltage conversion 
conf iguration is shown in Fig 10. For visible radiation, a 
photomul t i pi i er tube (Hamamatsu R 446) with 5051 termination 
was used to monitor the output. Output from either detector is 
displayed on the oscilloscope (lOO MHs Iwatsu TS 8123) and fed 
on to the boxcar averager (SRS 250) as shown in Fig 2. Boxcar 
was triggered externally with synchronising pulse from trigger 
circuit at S (Fig 5), Synchronising pulse at S was cleaned by 
feeding the pulse through a two stage emitter follower circuit 
before applying it to boxcar averager. Emitter follower circuit 
is shown in Fig 11. Boxcar averager was operated in scanning 
mode with settings; gate width 9 psec, scan width 200 psec for 
IR laser. Corresponding values for visible laser were; gate 
width 900 nsec and scan width 15 psec. Depending on the 
appearance of laser pulse, initial delay was adjusted. Averaging 
was done over 10 samples. The average output from the 
boxcar averager was recorded on the strip chart recorder. 

We tried to scan the radial profile of IR laser. For 
scanning the radial profile, IR radiation is directly allowed to 
fall on to the detector- Neutral density filters were used in 
front of the detector to protect it from saturation. The 
detector was placed at a distance of 25 cm from the output 
mirror. Detector has an active area of diameter 1 mm. It was 
moved in steps of 1 mm to scan the radial profile. 

Small signal gain was measured by inserting a variable loss 
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Fig. 10 Zero bias circuit for Gc detector 





into the cavity so that total loss into the cavity just balances 
the gain available in the m&dium. The small signal gain being 
given by C301 

1 1 

G = ~ In Z 3 16 

1 TCRiRa) Tb* <i-L) 

Hhere, G is the small signal gain coef -f icient , 1 is the length o-f 
the active medium, RijRz are the reflectivities of the mirrars 
used, Tb is the transmission through each window of the discharge 
tube and L is the variable loss introduced into the cavity to 
achieve the threshold oscillation conditions. Bain measurements 
were made for 40 and 70 plasma segments with cavity length equal 
to 120 cm and 170 cm respectively. A pair of Brewster angle 
plates was introduced into the cavity E69]. Brewster plates were 
initially aligned with respect to the Brewster wirtdows of the 
plasma ti.itae. A known amount of loss was introduced into the 
cavity by rotating the plate about the resonator axis. If § is 
the angle by which the plates are rotated to achieve the 
threshold condition, the gain expression in eg 16 can be 
rewritten as 

1 1 

G = - In C 3 17 

1 T(RiRa:> T** CDS==i 

The laser output was monitored with the angle of rotation of the 
plates till laser oscillations just stop. 

To estimate temperature of plasma, visible cadmium spectrum 
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was recorded in presence of heliuiB gas E703« Single plasma 
seciment was used -for recording spectrum. The plasma radiation 
was focussed on to the entrance slit of the monochromator „ Fiq 
12 sliOMs:^ tli£? cadmium spectrum at Fw = 5 Torr. Based on earlier 

iileracui-e Ld I and Cd II transitions were identified 

£703 » 

f-lBsiimi iig that p 1 asma is in 1 ocal ther iTioclynarni c equi 1 i tfr i om 
All estimate of ceiBperature was made by taking the ratio of 
intensity of two spectral lines^ and using the relation 

Ei ' ~E 

i::T« = 

ln<I >g'A'/I 'X gA) 

wfiEfre t arid E are tEie excitation energy ot the levels, I *s are 
intensity, g, A and >vare the respective statistical weight, 
traitsitioii probability and wavelength of transition under 
consideration. The slope of the curve (E'-E) against 
in<I g'A'/I'V gA) gives temperature. The temperature lies in 
the range 0.5eV <T,< 1.0 eV for Cd I and 1.0 IT* <2.0 eV for Cd II. 
It agrees well with the earlier report 1743. 
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Chapter 


CHARACTERISTICS OF PULSED IR (Cd I) LASER 
Introduction 

The first: observation of laser action in Cd at 1 . &5 pm and 
1.43 pm transitions in pulsed mode was reported C753 in 1972. 
E5asE‘d on recornbi nation scheme, the laser' action in cadmium on the 
above transitions was reported fay Wood et ai E24, =613. They used 
continuously flowing helium as a buffer gas. Recently Rocca 
et al C2a3 have reported studies on the Cd I transitions in an 
e-beam genssrated plasma. However, there has been no report on 
the performance characteristics of cadmium plasma recombination 
laser. A detailed study was undertaken for cadmium plasma 
recornbi nati on laser based on SPER mechanism. Laser oscillations 
on 6p - &B ^Sx at 1,40 pm, 6p ®Pi - 6s =Si at 1.43 pm and 
4f — 5d ®D3 at 1.65 pm transitions of Cd I using SPER confi- 
guration in a sealed discharge tube are reported for the first 
time E633. Unlike conventional metal vapor lasers C37“4iJ, the 
system developed does not require any additional heating 
arrangement to produce vapors of the metal. Details of the 
experimental set up used are given in Chapter 2. A schematic 
layout is shown in Fig 2. The active medium consisted of a large 
number of . C 10mfflx2fflmx 1mm) strips of cadmium metal (Nuclear Fuel 
Complex, Hyderabad) positioned end to end on a glass substrate 
with a spacing of 1 mm between the adjacent strips. End strips 



were used 
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for applying high voltage, high current pulse. The 
resosiator ca^aty was formed by using two meter radius of 
curvature dielectric coated mirrors. Two types of excitation 
circuits were used i, RC circuit, a simple capacitor discharge 
circuit, and LC circuit. Circuits and typical current and 
voltage puls&^s are shown in Figs 3, 4 and 7 respecti vely. Laser 
Radiation was focussed on to the entrance slit of 0.32 m 
monocfirofnator and was detected with Be detector operated in zero 
bias mode. The biasing circuit is shown in Fig 10. Output of 
the? detector was fed to the oscilloscope (Iwatsu TS 8123) and 
boxcar averager ISRS 2b0) and was recorded on strip chart 
recorder - 

MJe give below the performance characteri sties of 1.65 pm 
(4f ^F^ - 5d ="D 3 ) and 1.43 pm « 6 p - 6 s ®Si) transitions of 
Cd I over a range of discharge parameters, resonator axis in the 
presence of low pressure helium gas. 

R esults and D iscussion s 
§. Re s onato r Axi s 

Iri ottr configuration we could observe laser action at as close as 
3 mm and as far away as 14 mm parallel to and away from the row 
of cadffiium strips for all the transitions viz; 6 p =* 8 ^ - 65 , 
6 p - 6 s and 4f - 5s Fig 13 shows the variation 
of peak laser output power Pc in terms of detector output voltage 
for 1.65 pm transiton with the resonator axis. The optimum 
value of resonator axis was found to be around 8 mm away from and 
parallel to the row of the cadmium 


strips. 


All the 
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Resonator axis (mm) 

% 

Fig. 13 Variation of the peak laser output power 
as a function of resonator axes at 
Vorl2KV , Cr0.028jLjF,R = 200n.,F^^ = 8Torr.| 



■ ' 4'1 

characteristics, of laser .were studied at this optimuiii position 
0 -? tli.e reBc.riatc3r a>^is« 

12, Eff ect of Shape of; C or r ent Pul se and C urrent on Stimulated 
Emi.ssi on 

StifiiLil ateel effii ssion . Wets observed.in the . afterglow regiern Eig 1.4 
shows, 'the' d.elay .between ,th.e ' sponta.rieous ©.mi ssi.on 'and the 
sti.ffiulated ■ efni'S'sion' ,for,i«65 pm t.ransition- .for RG circuit™ 'fJe 
h.ave observed the' delay, between the -.current pulse and. the^ laser 
pulse ' as . ffiuch'. as .lTCJ psec™ Long delay confirms that the laser 
.action' occurs 'in the afterglow region of the pla-siria. . Delay 
increases as the peak current increases CR decreases) ». The' 
.variation of delay of,' th.e laser pulse with R is shown in 
F,ig 15™ For Ic?wer values of dumped ■ energy C-iCV.^).,. t^s is- ■■ also; 
low* . Towards high va3 ue of resistance CR>200sl) 5 ' del ay . i ncreaBes 
s'iightly with rsBistarice™ This could be' attributed to .eKcitation 
o.f lower laser level, at .low. current™ Laser, action waB..also 
observed for 'low values' of R (.high .current) wit.h, r.inging 
frequency of .0«36 liHz in the..,, current pulse. The I.ong ..del.ay' 
obE>erved , suggests that the shape of. the --current pulse should not. 
be a critical .parameter ^f or. .observing, inf rared . transitions in the 
.cDrif.’igiira.ti-ori ■ . .. used...- " E>tperifflentS' ..-performed- using simple 
capacitor discharge ciFCuit-' .and ■..■....^;LC;... .circuit; showed similar 
.b-ehaviour 

■The variation, of peak laser output power. Po for 40 gaps with 
the resistance R for' '1 ..65'. pm end - 1 43;-. pm,'.. transitions is shown in 
Figs'.''-.16'..':and '-17..' 18 show.s' the variation for^ both 
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Fig. 14 Oscilloscope trace of (a) Voltage pulse 

(b) Current pulse 

(c) Spontaneous emission 

(d) Stimulated emission 
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Fig. 16 Dependence of peak laser output 
power Pq on resistance R. 
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Fig. 17 Dependence of peak laser output 
power Pq on resistance R at 
Pj^e*8Torr,Vo = 15KV for LC circuit 
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Fig. t8 Dependence of peak laser output power 
on resistance at optimum He pressures 
for LC circuit at Vo=15KV. 
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trnH L? Lionti for /u segementso Initially F'o increases with the 

increase in current, reaches an optifnuni value and then decreases 
with tur Lriej* isscrease in current. At large currents, though the 
higher levels are filled very effectively by recornbi nation 
pumping, si iysuI tcrneousl y , colli si onal processes start dominatirsg 
at higher electron density. Therefore, electronic de—exci tation 
of upper level is ffiuch faster than those of lower ones. Ttiis 
process effectively decreases the net population inversion and 
heruve the laser output power. Fig 1*? shows the variation of Po 
with voltage V and current I for 1.&5 pm transition for an LC 
ciccuil. At high current, the laser pulse is usually broad. It 
may be due to high temperature and high electron density of the 
plasma at high current. Laser pulse corresponding to 1.43 pm is 
broad <FWHM 52 ps) compared to that of 1.65 pm (FWHM 42 ps) ,as 
shown in F-ig 20- We have also observed a multiple peak structure 
in tlie laser pulse which may be due to inhomogeneous expansion 
□t plasma*. 

c Lffc-rt of r-T “ r.r>” of BacIpgroLciy. Sas 

The role played by background gas in the recombination laser is 
two fold. WJteri a high current, high voltage pulse is applied, it 
lelps in creating a high concentration of the ions of the metal 
(lasing species). After the end of the current pulse, electrons 
:oq1 very rapidly via collisions with buffer gas atoms and ions 
■esulting in decrease in temperature. The process helps in 
jopulating the excited states (upper laser level) by strong 
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100 500 1000 1500 1(A) 


Fig. 19 Variation of peak laser output power P© at 
Phc s8Torr as a function of 

(a) voltage V at R=150n 

(b) current I 
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tielium gas was used as background gas for most of 


f,. h P j . 1 V f !lf i I iJ f 1 B * 

However , to see 

the 

effect 

of 

other 

backgrcjiirid ceases , we 

used fieon, argon 

and 

mi-xture 

of 

Ne-I^e 


griiEies F-.ic.js 21 and 22 show the variation of peak laser 

outptd. powef Pc.> rfs a fursction of helium gas pressure for 1.&5 Pm 
and 1 j. 4..> pm transitions respectively. No laser oscillations were 
olv.iOi’ vf'ii i!i im.iri (pressure i Torr) and upto 2 Torr of 

heJiUfli gns pressure. In vacuum the plasma expands freely, the 
€ri on flenr.i, ty decreases faster than the electron temperature 
and heiii.e thf? medium quickly deviates from the conditions of 
pttpulati«*n inversion. However', in the presence of a tiir..kcr; ;:..rtd 
gas, the gain medium is confined to small r'egion, providing 
stiff in enf plasma density. Cooling takes place via collisions 
with the background gas atoms resulting in population inversion. 
As IS shown in Fig 21, laser action was observed at 3 Torr of 
helium i|rts pressure for C = 0.0091 PF and at 4 Torr for C = 
0.07U PF . Laser output power increases with the increase of 

pressure, attaining a maximum value and then falls down with 
pi es.snrn. At very high pressure of background gas, cooling is 
very fast, the electrons come down via energy levels, cross the 
upper laser level resulting in populating the levels below the 
upper laser level Tlsertaf ore .. population inversion and hence 
the laser output will fall. For 1-65 pm transition at C = 0.0091 
PF, the optimum value of helium pressure is 4 Torr and 
at C « 0.0*28 pF it is around 8 Torr. The optimum value of helium 
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Fig . 21 


Effect of pressure of helium 
gas on peak laser output power . 




70 gaps 


40 gaps 


14 
CTorr) 


20 22 


Variation of peak laser output power with 
pressure of background gas He at 
Vo*15KV for LC circuit. 



Pm transition 


pressi.!!' H tor 1 . 4o pm transition is found to be higher <12-14 
lorr) Utai! tliat for 1.65 pm transition <8-9 Torr> for identical 
irif:.(ic liiis difference can be explained with the help of 

•' t t r-nt.-r-iiv level diagram E71-733 of Cd I , as shown in Fig 

23. oinot* the excitation energy for 1.43 Pm transition <7.24 eV) 
is lower 'lljaii that of 1,65 pm transition <8.13 eV> s therefore^ 

for the input energy, former will require more electron 

tuxiilnsr) I (tif > 1 y 1 uij a ftigh presisure of background gas to reach an 

oj"j <■ i muiK v«.ilue rji temperature and density for efficient 

i s i lai m ' n pumpi uy , 


r.ipi't were performed witli other gases, Ne, Ar and 

m !>.' ti (t of H»x and Ne also. No laser action was observed with Ar 
at ..toy p }!-•*■-, so However, in the presence of neon gas at a 
pressure of 4-5 Torr the laser output was observed, though very 
small, hito to large pulse to pulse variation, it was difficult to 
do any •iyotomatu; study. An extensive study was done with various 
ratios of uuxtureB of helium and neon gases. Fig 24 shows the 
variation of peak laser output power as a function of total 


backyroiind gas prefBSure for various proportions of He and Ne. It 


IS obser ve»d that as the concentration of neon in the mixture 
increases laser output falls down and the total optimum pressure 
shifts towards the lower pressure side. Effect can be 
expl.urK'd by considering the expression for electron cooling eg 
9, ii is inversely proportional to the atomic mass M30. of the 
gas. Neon gas, being heavier than helium gas, the 


gas 
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Radial distance (mm) 
(a) 



Radial distance (mm) 

(b) 

Fig. 25 Radial profile of laser output 

(a) Vo * 15 K V,C=: 0.028 IjF,R* 200X1, 
pH«»8Torr 

to) Vo»15KV,C=0.0091;iF,Rm200iX, 
P^^*4Torr. 






Tht* (iieasured gain for RC circuit is -found to be less compared to 
‘thcit of LC circuit. Hence, though the perf ormance of a laser is 
similar for two shapes of current pulses used, we conclude that 
i.L circuit is more efficient than that of simple capacitor 
discharge circuit. Fig 27 shows the variation of G with the 
iielium gas pressure fc?r 1.65 pm trasition. The maKimum gain 
is obtained at a pressure of 8 Torr for 1.65 pm transition. 
The inaKimum gain estimated is 7.06 >t 10~^ cm~*-, 8.73 x 10~-^ 
Cft?-’ for 1 . 42> pm and fo*-' 1.65 pm transitions respect! vely . 

i'n conclude, we have observed the pulsed laser operation at 


pm 

(6p 

■'■’Pa; — 6s '-^Si ) £;.■ 

t 1 » 43 pm^ C6p 

3 p 

1 

6s 

and 

at 

pm 

/4f 

■=F., - 5d »D3) 

transi tions 

of 

Cd 


Results 

of 

i 1 md 

sti.idies of IR la 

ser i !i Cd I 

at 1 

.65 


and 1.43 

pm 


ft n .1 I in SPER configuration in a sealed system are 

|tr esented . fwo types of excitation circuits a RC circuit, b LC 
i jrrtul wer €» used to create the cadmium plasma. A large delay, 
depetiding on the current is observed between the current pulse 
and the appearance? of laser action. Laser output is dependent on 
the <li Bcharge current and the background gas pressure. We tried 
}lt‘, Ne, Ar and mixtures of He and Ne as buffer gases . Helium 
i>: fot-stnJ to be the best candidate for our configuration. The 

opiiHium pressure of helium gas for 1.43 pm is higher than that 

for 1.65 pm. Shape of the current pulse didn't appreciably 

the performance characteristics of laser; though LC 
i.;irc.i.ut is more efficient. The effect of the increase of the 
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f of the active iBediurii by ' increasing number of plasma 
. -fK'^fsTrrrJ" s is reported. MeasLirements of small signal gain for botl'! 
tire transitions observed is reported* No significant variation 
vias observed iri the laser output for operating at 3 pulses per 
second for 48,000 pulses with one fill of helium* 



.STICS OF PULSED VISIBLE <CcJ II) LASER 

%. ciiil ^ i£ii. 

F? r-st oljservati on of laser action in Cd II at 533 « 7 and 
533„8 .nrn transi ti cins ^jas reported in a hollo^yi cathode 

rig tr arisv€?rse €71 ectr i c cfi scha.rgex. The exci tcit i on iiiechani sfj! 

based on trane-^er col .1 i si -onS:. The laser abser 

1 cn '-rjc-rha. y ^ Docl 1 1 ai:i ons on the above transit ions have 

'r.n ^.'sd dasac ofi -‘Bcarmi rare*.! on pampi nq ri^echan 1 so 1791 al so» 

"f v-d id:'>a first time^ the laser action on the 

r^V'"' -r ,; iir.cr^s based ofi rscomfoi nat i ori scheme using helitim 
■■■''' ,. , r i ov',? 'pi' ensure of fen Torr in a ‘sealed diEscharge 

:';M" I ri-rr'*'"*' was 'Observed in pulsed inode, Mb describe 
f. I , '?*'»■ jMrs ihjrmarv::^:' cha^racte-r i sti cs of the observed visible 

^ !" ’ ! s:vr-" - r:' f-)i,fised mode^ 

,, of set up used has already be€?n described in 

C rs;,?, ! f ,::4nd war sifidl ar to that used for IR laser* The laser 

I -y" was ■frnumd by using two wide band dielectric coated 
{MR 488 nm to 514.5 nm^Tech Optics^UK) ^ usually used with 
iiy) 1 •rrof , w '3 1 h 2 meter radius of curvature. Both types of 
y, - j'iv^rf.iV's r r 'U J. t, s -i, describBd in Chapter 2, were used. Hell uni 
' 3 ri;"' t j cur oiirvd Laser radiation was focLissed ori to 

i- I'yi;/; u f7(u ' ri Ti T ft? E’^ 1 ^ t o f 0.32 ^ iHfon oc Hc ofna t OF and is detected with 
f i li’i <»‘r tube (Hamamatsu R 446, rise time 2=2 nsec) - 

r,..' . ,p! tube signal was fed to the boxcar averager and 



of 1 asor 


recorded on the chart recorder. Character! sti cs 
537.8 nm (4-f — 5d transition o-f Cd II are 


bel Dw. 

Results and Discussion s 

We observed laser action at 533.7 nm C4-f — 5d 

arid 537.8 nm <4-# ^F-^^a — 5d ^Ds/'a) transitions o-f Cd 1 1 . Laser 
action was observed -from 3 to 14 mm away from the metal surface. 
Tise optiffiLim value of resorsator aw i s was . found to be 8 mm away 
from metal surface, similar to that observed for IR transitions. 
All the character! st i cs presented below correspond to this 
optimum value of resonator axis. 

.1. Effect of Length of Bain Ned i urn 

To see the effect on laser output with increasing the length 
of the active medium, we tried 10, 40 and 70 segments of cadmium 
plasma. In each case, the spacing between adjacent strips was 
kept constant. Dimensions of strips were also kept constant 
1 10fflmji2mmx 1mm) . However, the cavity length was varied, C 75 cm, 
112 cm and 135 cm) depending on numbers of plasma segments! lO, 
40 and 70 ^respecti vey) . On increasing the number of plasma 
segments to 70, one could easily see a green laser output on a 
white background. Fig 2S shows the variation of peak laser 
output power Pc. with the number of plasma segments for the same 
energy dumped into the system. Each point on the gurve 
corresponds to respective optimum value of helium pressure. 
Similar behaviour was observed for IR laser. Thus by increasing 
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tiifci* number’ of plasma segments it should be possible to increase 
ti'ie laser output power. 

!r'. ^ g?tt t o£ Sha pe of Current Pul se 

Laser pulse is observed to be of 6 to 10 ps duration. Similar 

to IR laser's visible laser was also observed in afterglow region. 

However j the delay between the laser pulse and 'the current pulse 
observed was less than that observed for IR transitions. Haijimum 
delay between the peak of the laser pulse and the current pulse 
is observed -to be 30 ps. Fig 29 shows the laser pulse and the 

(Vtf’ren’i p».,slse. Delay increases with current. Usually, we 

ijbser ’v’od a double peak structured pulse. Double peak structure 
l.ff'i.:omE**s D'iure pr offii nent as ’the number of segments increases. This 
bo iJuii l:«3 inhomogeneous expansion of plasma or non uniform 

fLM'v!, r i. bu’f. ’itn'i of input energy for large number of segments. The 

variation of peak laser output power with resistance for an LC 
' o t «u I for 70 ..’ yai rt'- is shown in Fig 30- Optimum value of 

I tu rent Ov~100ft) for visible transition was higher than that for 

IR tr arjnri ’i ons. Transitions at 533.7 nm and 537.8 nm are obtained 
as a result of recombination of doubly ionized cadmium ions with 
ei ei t r ijtis, whereas IR transitions belong to neutral cadmium and 
are obtained as a result of recombination of singly ionized 
l adiiiium ions wit(» electrons. Higher value of discharge current 
in » 1 ‘i.iuired to create higher ionization stages, therefore, the 
optimum value of current is large for visible transitions 
compared to that for IR transitions. Since, recombination rate 
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<eq 3) increases with increase in z, the charge on the ion. 
Fi jfcr ef Of e , 1 aser' pulse for the transitions correspondinq to higher 
ionisation stages will appear earlier than that from lower arid 
rseutral species C803.^ 

offset of. P ressure of Background Gas 

Helium was used as background gas for visible transitions. 
Figs 31 and 32 show the variation of Po with heliLiiT* gas pfressure. 
Laser output increases with the helium gas pressures attains a 
i fflUifi value arid tSsen decreases with further increase in 

prassui-'fc'. S'i;'i'iilar behaviour was observed for IR laser. For 
) ."iwr-i- value of duoipesd energy , the optimum value of helium 

rir’t':’'; was also low (Fig 31). With increasing length of 

lin:-- medium!, for the same dumped energy, the optimum value of 

!"!;?( 1 i.iiii ,pr assure decreases. This may be due to the fact that with 
< 1 )i, r caui iu;< lerigth of the gain medium, the input energy per 

segment decreases, therefore, initial electron temperature 

ilf'cr «srid hence less cooling will be required to achieve 

pupnlalton inversion. From above, one would' expect that keeping 
t iie input energy same, laser action can be obtained at very low 
pres'iure and even in plasma expanding in vacuum for very large 
nuitiher of segments. As explained in Chapter 3, it is difficult 
tu .-uhieve laser action in vacuum, under recombination condition, 
bf! .ause of faster rate of fall of electron density than that of 
c*iiTtfot( temperature. With the increase in the number of 
the energy per segment decreases, .resulting in low 


flier it S i 



10 gaps 
40 gaps 
0.028 fiF 
0.028 |jF 
0.056 UF 


Variation of Pq with pressure of boc groui 
He for 10 and 40 segments. 
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Fig. 32 Variation of Pq with pressure of background 
gas He for 70 segments. 
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ir’iitial e^lecrtron density^. To get an optimuirs value of electron 
deiiBity with large fiumber of segments it is required that the 
input energy per segment also increases* 

An attempt was made to measure the small signal gain 

corresponding to 537*8 nm transition* Technique used was similar 

to that used for IR transitions* The eMperimeritai setup used is 

described in Chapter 2» The laser output with iO and 40 

plasma segments was very sumll and no concltiBioii could be drawn* 
However* . I extensive studies on gain for 70 segments were done* 
71 ii\: max i fBum ga:i ii measure^d at 537 « S nm transi t i on was 

6*5 X 10'“"^ 

III ciancl usi on ,, we have observed laiser action at 537 «S nm and 
5-':>367 niB transi ti oils of Cd II in SPER conf iguration in a sealed 
Cl'iar'acteri sti cs of laser at 53>7*S nm are pr-esented* 'No 
appr*ec i abl effect on laser output' is observed with two 

rxi:. 1 Icil i ori circuits* By increasing the number of plasma 
•V H,|<ittiirts , laser otitput increases* Delay is found to be less for 
V i *:> i u 1 f:’ 'I r ansi t i on than that for IR* The opti mum val ue of 
t:ur rx:ffrd:: for best operation of laser i-s more than that for IR 

l.:r Hiir. I I I Siifiail signal gain of the laser is estimated* 



Chapter 5 

BAIN CALCULATIONS 


In this chapter, we have considered the use o-f simple 
electric network model for evaluatin population inversion and 
small signal gain of a recombination laser. Electron 
temperatures were estimated for Cd I and Cd II by estimating the 
gain and population inversion for a recombination laser, Bairs and 
temperature based on our proposed model are compared with our 
£'>; per' i men'Lal r esu-l ts C 70 ^ 8 i 3 . 

? he eMpress’pn C3o3 ror ssBail signal gain Ccm—^) is given by 


Gi,,i = Ah,,!!,!) gCv) A nu,i 

8n'V=- 

f'or a Dtjppler broadened profile. 


2 In 2 
g(v> i 

Avr> tr 

where 

2k T 

A Vo 2v < (In 2)^''^ 

Mc=® 

Gua 1.74 K 10“* A(u,l)4(H/T) A n„i 18 


where ^ ui is the wavelengtls of the transition considered <in 
cm), A(u,i) is the transition probability in sec“^, approximated 
as 


A<u,l > =■■ 1.6 X z^/Cu»l <u“-l*> 3 

M is the mass of the atom or ion under consideration <in amu) , T 
is 'the ior> temperature in ®K (me can assume Tskt») and 



A Oi 


is the population inversion density icm~^> 


gi 


wt.?-! g's are the statistiical weights of the levels considered. 

First, let us calculate the small signal gain under 
collisional recombination condition -for hydrogen like 
transitions. In the quasi— steady state appro^i mation , the 
density of a level u in a recombining plasma can be written E323 


ri« fix 

— roCu) + riCi.i> 


19 


. < > 




where nn'*-*’ is the Sahet equilibrium density given by 


1 EmZ^ 

< n<z + > exp i 

2 21? mw kl ce u^ kT« 


-) 


20 


n«, and n<z + ) are the electron and ion density <cm~='> respectively 

and rc(it) and rihi) are functions of n«, and T„j allowing for 

the departure from thermal equilibrium. The values of raCu) and 

ri(u> are given in tabular form by McWhirter {1823. Defining the 

n«, 

reduced population and temperature, respectively as « = — , 

Z'7- 

O = T«,/z* (2 scaling for hydrogen like ions). From plasma 

neutrality condition, we' have 


r»- 


n C 2 + ) - 


fl z" 


Equation 20 can be rewritten as 
1 h=* 


ric ’ 


n<z + ) " Qcjl <■ 


-)=*''=* exp (- 


-) 


2Tr m«, k© 


u= k O 
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Generally the population density of the higher levels are closer 
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1 ^ k 0 


’HiJ c’ 


r'ar> ut?secf -hjr 

: e va 1, u.a t i ng p o 

pui at i on 

i nver'si on and 

t* ' ;f" c:.. 


iin.n Based on 

e q 24 r e b!j 1 1 s 

f or c y I 

are listed in 

1 th 


D -3t? c 'It & d t H 

results agree 

the 

ex p sr i iRen t a 1 


A simpler way to calculate ro<u.> is to consider the 
cc!'! ,!, i 5 :j, trjnal processes in terms o-f passage ot steady current 
thr'jiujh a r'.et.»j^jor k of- linear cronductors or resistors, originally 
pr r,»pos€?tj by Bates [663 and extended by Lawless E673. In this 
ffiudol the r.til ] s sional transitions from one level to another level 
are represented by resistor or conductor. The processes other 
t:hf.irs electron-atom collision are accounted by source terms which 



represent . ' the , ctirrerit ' • .intreduced ,'±0 the systefn*.' Each • atcMiic 
level , is 'represented ,'by ' an electrical. teriidnai to .which the 
re.sistors. .' 'and, .the .source 'ter ,ibs 'are connected.- as ' shown, i n Fig '33..» 
The ionization arid ' recambi net ion rate constants can be .determined 
only by total ■ resistances between the continuiTf level and the 
jjroLmd ievel'i To develop an anal'ogy with electrical .circLiit^v let 
us. consi'der the .fol, lowi.ng collision, processes ■ 


e ‘"i*" e . T fi 1 e 



Ai + s K~y ft j "i" s 
Ai + hv < = > ftj 


Let rsx be the populatiDn density a-f atoms in the itb level. The 
rate equation for each atomic level i and electron density are 
dHi lim 

— = n. E (njkjt ~ ni k 4 j)+n*== K«t - n« n* K*. 
dt ' j=l 

i -1 

+ E nj A< j tI > + A„4 ~ nt E Ati , j) 26 

j=i.+ l 

d n Tifn 

- n» S rij <Kj»~ n«=® K«j> - n»=® A.* 

dt j = i 

where Mm is the highest excited atomic level, Kij is the 
collisional rate constant for a transition from level i to i, 
ACi,jl is the Einstein Coefficient. A** is the rate constant for 
two body radiative recombination into level i, Kim, k**. are 
rate ' constants f or col 11 si onal . ; i oni.z'ati on ■ from level i ■. and three 
body recombination directly into level i. 
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Fig. 33 Simplified circuit for coUisional 

transitions between adjacent 
' energy levels. 
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Rewriting eq 26 as 

Si + S <njKjt - rsiKij) + n«,= K»i ~ni Ki® = O 27 

j = l 

+ £ CrtjKj® - n«,=* K^j) = O 28 

j = l 

Where Si takes care of all the terras other than eiectron-atoffi 
collision. It is referred to as source term. 

Defining the reduced populations for the atomic levels and 
free electrons as 

r'ii 



v„ = 30 

(Nre.-) 

where ni® is tlte Eioltzmann population for the level i given as 
gi Ei-Emz^ 

rui® -- — Nrjsf^ exp ( ) 31 

g 1 kT«jp 


n**® (NiBiesio-) is the value that the Saha electron density would 
assume if the ground level density were MptEri tor hydrogen, one 
can write 

2 2it m„ kT«, E„ 

~ — ( ______ .j exp (“ ) 

g 1 h* kT« 


I ng to the reduced populations, 
rate constants as 

Wi j — rji*® Kij 
Wi« - ni*« Ki, 

W»i — (NmerJ k«,i 


define the normalized 

32a 
■ ' 32b 

32c 



from'. the prifici;ple':,of , detai led,, 'balance- we have^ ■, 

'W± j,; ==■ Mji, ■' ■ 

Using -'.ecis 29'5'" 30 arid 32^ eqs -27 and. 23 can ,be combined to yield 




o 


1 1' i < e 


Each tern*! in eq 33 can be i n.terpr'eted' as . the current f 1. qnI ' iig 'from 
node i to' nods i through, a... resistor 'of . -'conductance,- as ,shoif¥n 

in Fig 33^ The current ,fl-oHing through the resi stor- . bei ng given 
,by j C V j-Vs. > *■ ' If Sj. r€?presents the current introduced tO' node, i 

from sKtenisl source ^ eg ' 3*3 -can ' be interpjreted as the conserv’-' 
at ion of current at -iicjde.i. * 

Foil doling, ■ . Mansback , and -, , Keck , IBZl ^ . col. 1 1 isional rate 
constants', carr -be, ,' - se-parated into a function of the 1 oi^er . a.tomi c 
1 evel mtil t i pi i.ed by a f unct i on, of hi.gher a.toffii c , level ^ therefore ^ . 
Wt- j... can be,, written, as ,. , . ; 

Wj. j t-jf 'IJjf,, i, j . . 


34, 


Wji = Lj Ui j<i 

for hydrogenic levels L* and Ui are given by 

-Eh , 

Lj = C<T) «2NRK:i=/gi) exp ( 

, kT«^ 


ss i-® exp 
■ kT« 

Define 

fti - tUiCi * LiDt),-^ 


i < j<H 


A i “ . U ji V ji 
J=i 
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i-1 

Bj = E Lj vj i >0 and Ba = O 

j = l 

Ci = S Lj i >1 , Cl = O 
j = l 

f 

e 

Dt = E Uj 

j=i 

Using these parameters and eq 34, eq 33 becoffies 

Vi 

— = Li Ai + Ut Bi +S 1 35a 


t or’ K i “ 1 > tti i evei 

Vi ~i 

= Lt — lAi, — 1 'i- iJi— 1 Bi— 1 -i- 3 i— 1 


usi ng 

At = Ai-i - Ui. -iVi-i and 

B 1 = B * — 1 ■*''L 1 — 1 V 1 — 1 

it reduces to 


Vi-i 

= Li~iAi + Ui_iEi + Si_i 35b 

-1 

defining a quantity Jt proportional to the net rate of 
transitions from all levels to level i and from i to all levels 
above and below i. Therefore, 
i “1 e 

J* ™ E E WjK (Vk - Vj) 36 

j=l k=i 


using eq 34, eq 36 becomes 



Ji = CtAi - B*Dt 37 

Ji depends on two unknowns A* and Bi - However ^ from the 
conservation eq 33, it follows that Jj is sum over all the source 
terms. 


J* = S Sj 


Eliminating Ai and B* between eqs 35 and 37, we get 


Vj, — Vi_i — niUi -f sfiOi — jii— 


where R* = iJi-i fci tLilJ 




bquat 1 QH 


a recursion relation* it gives the diffrence 




ri& reduced population of adjacent levels i and i'-"! in 


terms of Ri , Sft and i^^hi ch are e>iplicitiy defined sifiiple 

functit 3 ns of tfie rate constants and the source terins in the forrrs 


A scjlutioii of eq 39 


Va. ^ V«? + St Si 3«r E Rl J Bj 


wiiere 


2 F^»c 

k=i+l 


For coliisiorial recombination process the source terms in 


quasi -steady state are 
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r 


i cJri* 
ri» dt 


for i = e 


Si == 


O for i<i<-e 

1 drix 

- — _ fQP i = i 

ri« dt 


42 


A 1 so 

drii cJri» 

dt cit 

F'r''rjfff eqs 40 and 42 ^. it follows that reduced population for ground 
state anci the excited state is given by 

Vl -= V«> klCi? 


i drio 

Vtfl» ’'*■ i'tt« 

Oc, dt 


dil» 

or - — - = f'W 

d t R a. «? 


Vt 


v« 


Rj. (w 

R±m dn, 
11 - dt 


V« Vj. 

v« Ri» c_^) 

C**ii 

H 1 


"= V* 



Ri- 

Vi 

Rx« 


Rx* Rx- 

= + Vi 

R,* n%m 
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= r ' o ( i ) v«, + r'i(i) Vx 43 

Equation 43 is sisniiar to eq 19, -following same reasoning as in 
eq 19 , we have 

V* = r 'c <i ) v« 44 


where 

r " 

c <i ) 

F 1 4 7R a. m 5 



From eqs 

29 5 

30 , 

31 and 44 we have 






gcji r'oCu) 

Em 


Oui = 2«07 

K 

iO~i^ 

— exp C 

> 

45 


kT« 


Thus an upper limit to the population of upper level u can be 
given by, 

r'oCu) Em 

n,., = 3. 1'5 X lO""*-® e>sp ( ) 46 

u* kT. 

Now if one assumes that the lower level is empty, the problem 
reduces to evaluation of n^ in the expression for A n^i , and the 
gain expressin simplifies to 

Boi 1.74 X 10"^ ■J^(M/T) n„ 47 

The computed values of n^. based on eqs 6 and 46, and G from eq 47 
for hydrogen atoms at a temperature of 4000 “K are given in 
Table 2. 

Let us consider the case of non-hydrogen like transitions. 
To consider the non-hydrogen like transitions z is to be replaced 
by given by < Ii.»/Ii»m> *■''* where Ip. is the ionization potential 

of the ion or atom under consideratin and If»h is the ionizatiDn 
potential for a hydrogen atom == Em> - The population of 

upper state can be written as 
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■ ro Cu) . . ■ • - • Em' ■ 

n« == 2.07 10-^^ — __ e%p > ',■,' 

" ' u= k 0' . 

ro(Li) g«. 

= ■ 2.07 >r ii:r~».A ■ , „4g 

, " -u^ kT« ■ 

Based ' ,c^^ .the above' assuffiptions, , gain -for ' Cd .1 a'nd . Cd II 
transition is cai cul ated; i H' Table 3. '' The'', computed ' val.ue ot ■ gai'ri, 
is f ound to. be , close, to the exper imental I y observed ' results 
3f‘d to that of , reported ■ II423'' ear.ll'er* . The '. car re.spi'On ding 
t.empe^ratore are close to that predicted by Bohn and' Sclial 1. IS43 
ej\d Qur experi msr-tal observation II703» ■'■ 

In ■ cone! usi O'f! I ,we have shown ■' that th-e value., o.f, To b-i) ','can be 
evaluated, using: a simple model of el ec't.ric net work'. l^e .have 
evaluated the population density ' and ' gain -for hydrogen, 'hydrogen 
like ' and ; n,Dn‘-‘,hydrD'gen .lik,e ,transi'ti,ons,. . which', are in: agreenien't 
with , the ; previou5l:y, qtio,ted results.* . .-Based, on our calculations,^^ 
wC' , have ' estim,ate,d' , the .temperatures' for Cd 'I and C,d ■. II ^ transi”*- 
tiofis'. .'■Resu.lt.s. are.,'.close.^^ the, ^ e.x peri nnental ly. observed ,v,alues.r 
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1 C 10' J 

2 CIO) 


.0C7) 

-“-ve 


10 3 . 2 * 




6 

{ 


3 ^ 3 f'i 

L —4} 

3,07 * 

[ -5-) ' 
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:-0) 


■i,43a3 
2.3C12) 
4.5Cii)- 
S C 10) 

1 :73710' 
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1,34C 

- 6 ) 1 

9,2C- 
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DC 12) 
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2000 

7.7(10) 


4000 
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8000 

3. 27(9) 

3-2 

16000 

7.06(8) 


32000 

1.22(8) , 


64000 

-ve 


128000 

-ve 


256000 
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2.32(14) 

1.27 

"■ '.'-ve ' ... 

2. 12(10) 

4 . 34 (-3) 

3.66(14) 

2.87(11) 

7. 9 (-4) 

7.8(13) 

5.02(10) 

9- 76 (-5) 

7.36(12) 

5.92(9) 

8. 14 (-6) 

1.29(12) 
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-ve 


■ -ve 
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4, sac-5)' 


3.5(1 1) 


,5 X 10^ 


70"^^, etc. 
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Table 2 


Comparision of present calculations of gain and that obtained 
from Ref 82 for hydrogenic transitions. 

(Temperature T«, = 4000°K> 








86 


T ab I B 3 

CalcLilated val l!£? 5 of gain coefficient and €*sti niatefrl tBiTiperatiire 
for Cd I and Cd II transitions* 







riu, 

8 Ccfn"”^ } 

Cd 

I 

3000 

1968.3 

1.47<-43 

2.93(8) 

0.011 

Cd 

II 

8000 

9856. 8 

6.1 C~6) 

4.79(8) 

2. 28 (-3) 




CONCLUSION 


ye 

liavB 
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segmented plasn 

iS 'SKCit 

at i on 

a n. r 1 r o rti | 
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“ at i on 
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observe ' laser' 
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= 3 

p ft! >1 

; ■ on ■ '.'6 

P' ■ j. 

’- 6s at . i. 

43 ■ U.m i' ■ ■ 

. on 4t 

- 5d 



1.&5 um transitions of Cd I and on 4f - 5d at 52:3.7 
nm. on 4-f — 5d at' 537,8 nm ' transitions of Cd II 
based on eletron— ion recombirsation in a sealed discharge tube. 
Performance? characteristics of visible and IR laser are presented 
with respect to resonator axis, current pulse, background gas 
pressure and the length of the gain medium. System described for 
the present work consisted of a special conf iguration of 
electrodes. ' ' 

Two types of excitation circuits were used, i_ RG circuit and 
i i LC circuit. LC circuit with a fast rising edge was found to 
be more efficient than that of RC circuit. 

Laser resonator was formed with two meter radius of 
curvature dielectric coated mirrors of high reflectivities. The 
optimum value of resonator axis was found to be 8 mm parallel to 
and away from the row of metal strips. 

Laser action is observed in the afterglow region. Delay 
between the peak of laser pulse and current pulse is observed to 
be as much as 170 ps for Cd I and 30 ps for Cd II transitions. 
Delay increases with the increase in current. The optimum val tie 
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of current required for visible transitions is found to be higher 
than that for IR transitions. 

Helium gas was used as background gas for most of the 
investigations. However, to see the effect of other background 
gases, we tried Ne, Ar and mixture of He~Ne- Helium being 
lightest of all the gases and of high ionization potential is 
found to be the best candidate. The electron cooling is 
inversely proportional to the mass of the background gas atom, 
therefore, with other gases, the electron cooling is not 
efficient. The effect was very clear with the mixtures of He and 
He gaEies where the laser output increases with the increase in 
proportion of helium gas in the mixture. Optimum value of helium 
pressure required is dependent on the transitions under 
consideration, number of plasma segments and the energy dumped in 

system. I»iith the increase in input energy, optimum value of 
helium pressure is found to increase. Laser output increases 
Dfs increasing the number of plasma segments from 10 to 70 with 
identical input energy. However, there is a practical limit on 
the outpiit power in this particular conf iguration. It is 
difficult to create simultaneously a large number of homogeneous 
plasmas. It may be due to nonuniform distribution of input 
energy in the segments. It may also be due to some delay in 
plasma formation in various segments. With the increase in 
number of plasma segments, keeping input energy same, optimum 
value of helium pressure decreases. Optimum helium pressure for 
various transitions observed is listed in Table 4. 
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Radial profile of IR laser was scanned and compared 
with theoretical tit. A double peak structure is observed in the 
radial profile. This is attributed to inhomogeneous eKpansion of 
plasma or simultaneous excitation of higher order modes or both 
effects present simultaneously. 

Small signal gain of the laser was measured by 

introducing variable losses into the cavity. The gain estimated 
is 8.7 (-3) cffl“^ y 7.1 <— 3) cm“^ and 6.0 C— 3) cm“*^ for 1.65 
1.43 pm and 537.8 nm transitions respectively. 

Hodel based on simple electric network for computing small 
signal gain under collsionai recombination is proposed. Using 
this model* gain for hydrogenic transitions was computed, the 
results were compared with existing detailed calculations. Our 
r'esults are found to be in reasonable agreement with earlier 
reports. We have employed the proposed model for computing gain 
for observed Cd I and Cd II transitions. Results are listed in 
Table 5. The computed and estimated values are in agreement 

confirming the validity of theory. Plasma temperature is 
estimated by assuming thermal equilibrium and comparing the 
ir!ter» 5 i t J es of emitted visible cadmium transitions. The 
temperature is estimated to be in the range O.SeV <T* 31eV for 
Cd I and ieV<T«<2eV for Cd II. Temperature is also computed 
based on above model for Cd I and Cd II transitions and 

falls with in the experimentally observed values- 
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In order to gain more understanding on the working of a 
recoffifai nation laser ^ it is necessary to measure the plasma 
parameters? electron density and temperature 5 for various input 
parameters eg current pulse^ pressure of the background gas. An 
extensive study of spatially resolved density and temperature 
should be made to find optimum value of plasma parairieters for 
best operation of the laser*. 

In order to make commercial ly viable system based on 
conf i gurat i on used ^ a further systematic study is to be 
ur'idertaken* Cne of the major parameters which controls the laEser 
output power is the coupling of the energy input to the metal 
plasffla,« It i.s requirieci to optimize the conf igtiration with 
respect to electrode structure, spacing between various segments, 
dimensions of the strips used- Length of the gain medium Ci-e« 
large nuraber of plasma segments) is to be increased/optimized to 
get; lar'-gir> output* Though increasing the number of segments, the 
way we have done, increases the output, it introduces the problem 
of i iihofriogerteaiis distribution of energy- This also has effect on 
the radial profile (mode structure) of the laser output- We feel 
a bc^tter design for electrode conf iguration is to be looked into- 
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